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Activity-dependent alterations in the strength of an individual glutamatergic synapse are often accompanied
by changes in the size and shape of the postsynaptic terminal. Two studies in this issue of Neuron, Meyer
et al. (2014) and Bosch et al. (2014), shed new light on the mechanisms and signaling pathways underlying
structural long-term potentiation.The postsynaptic terminals of most excit-
atory synapses in the CNS are found
on dendritic spines—small, mushroom-
shaped membrane protrusions that act
as isolated biochemical signaling units
(Yuste and Denk, 1995). The functional
properties of spines are thought to be
influenced by their specific morphology,
and changes in synaptic efficiency (i.e.,
synaptic plasticity) are associated with
structural changes of the spine itself
(Van Harreveld and Fifkova, 1975). Time-
lapse imaging with two-photon micro-
scopy, coupled with clever methods
to stimulate synapses associated with
visualized spines, led subsequently to
the direct observation of ‘‘structural syn-
aptic plasticity’’: spine growth associated
with long-term potentiation (LTP) (Engert
and Bonhoeffer, 1999; Maletic-Savatic
et al., 1999; Matsuzaki et al., 2004) and
spine shrinkage associated with long-
term depression (LTD) (Na¨gerl et al.,
2004; Zhou et al., 2004). The signaling
mechanisms inducing structural synaptic
plasticity are described to a fair detail
(Murakoshi and Yasuda, 2012), but be-
sides the importance of actin remodeling
(Matsuzaki et al., 2004; Okamoto et al.,
2004) little is known about the cellular
mechanisms controlling the actual re-
modeling of the spine. Two studies in
this issue of Neuron shed new light on
the processes leading to the morpholog-
ical changes of structural LTP (sLTP).
Both studies apply time-lapse two-
photon imaging of fluorescently labeled
synaptic marker proteins, combined with
electron microscopy, to examine the
spatiotemporal changes in synaptic
morphology and underlying signaling
mechanisms. Together, they reveal de-
tails of the step-by-step sequence by
which new proteins are incorporated256 Neuron 82, April 16, 2014 ª2014 Elsevierin the growing spine and postsynaptic
density.
Meyer et al. (2014) focus on the dy-
namic relationship between changes in
spine size, postsynaptic density (PSD),
and the presynaptic bouton. To this end,
they optically follow the postsynaptic
scaffold proteins PSD-95 and Homer1c
during sLTP and examine the relationship
between their abundance and spine size.
While the abundance of Homer1c in-
creases quickly following plasticity induc-
tion, PSD-95 accumulates with a delay,
such that returning to the pre-enlarge-
ment ratio of PSD-95 to the spine volume
takes up to 3 hr. Consequently, in spines
that show only transient increases in
volume (‘‘nonpersistent’’ enlargement),
an accumulation of PSD-95 was never
observed. In confirming these results
with electron microscopy, Meyer et al.
(2014) also observed a corresponding
increase in the size of presynaptic
boutons that abut persistently enlarged
spines. Therefore, they return to time-
lapse imaging experiments to examine
the morphology of presynaptic boutons
and confirm that, with some delay, persis-
tently enlarged spines are matched by a
similarly enlarged presynaptic bouton.
The results of Meyer et al. (2014) lead to
the development of a dynamic model
of sLTP, in which synaptic activity first
leads to an immediate increase in spine
volume that is matched by Homer 1c
in30min. Over the next 1–3 hr, the spine
either retracts to its original size or both
the PSD and presynaptic bouton increase
in size as well, leading ultimately to a
stably enlarged synapse. It remains
unknown what determines whether the
size increase is persistent or not—this
stochasticity of the growth process could
reflect differences in the initial state ofInc.the stimulated spine or subtle variations
in the induction efficiency of sLTP.
In a parallel study, Bosch et al. (2014)
address the postsynaptic signaling path-
ways underlying sLTP. In an experimental
‘‘tour de force’’ Bosch et al. (2014)
monitor the abundance and distribution
of 15 different GFP-tagged postsynaptic
proteins during activity-induced spine
growth. They include examples of several
protein classes, with roles in intracellular
signaling, structural proteins associated
with actin, synaptic scaffolds, and synap-
tic signaling. By following their abundance
relative to a cytosolic marker in the spine
head during sLTP, Bosch et al. (2014)
show different behaviors of individual
proteins during the early phase of sLTP
(30 min). While proteins associated with
the actin scaffold increase in their relative
abundance during this period, markers
of the PSD show a relative decrease. Of
all proteins tested, the actin-associated
protein cofilin shows the fastest and
strongest accumulation, and Bosch et al.
(2014) go on to demonstrate that the
association of cofilin with actin is required
for initial sLTP. Further, they identify an
intracellular signaling cascade in which
activity-dependent changes ultimately
converge on LIM kinase, which in turn
regulates cofilin by phosphorylation. In
the last part of their study, Bosch et al.
(2014) focus on the temporary imbalances
between spine and PSD size during this
early phase of sLTP and show that this
imbalance eventually dissipates, as the
spine becomes stably enlarged.
The importance of cofilin in sLTP is
especially interesting when considering
that this protein has been repeatedly
identified as an essential regulator of
neurological disorders associated with
abnormalities in spine morphology, such
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sclerosis complex (Minamide et al., 2000;
Tavazoie et al., 2005).
While focusing on slightly different
aspects of sLTP, the two studies come
to remarkably similar results. Together,
they draw a dynamic picture of spine
growth associated with LTP, in which the
early phase is characterized by fast acti-
vation of cofilin that in turn associates
with actin, leading to fast spine growth.
In spines that will persistently enlarge,
the PSD within the spine expands with
a delay, and the now stably enlarged
postsynaptic structure is subsequently
matched by growth of the presynaptic
release site. Interestingly, the time frame
matches the times that have been used
to differentiate between ‘‘early’’ and
‘‘late/stable’’ functional LTP (Malenka
and Bear, 2004), further supporting the
idea that the two processes are inherently
coupled. Along those lines, Bosch et al.
(2014) demonstrate that protein transla-
tion is required for persistent sLTP, again
analogous to what has been described
for functional LTP (Malenka and Bear,
2004).
An obvious difference between the
two studies is in the distribution of the
synaptic scaffold protein Homer1 during
sLTP. Meyer et al. (2014) find Homer1c
to increase quickly after sLTP induction
and to accumulate long before the PSD
follows to increase in size. In contrast,
Bosch et al. (2014) report that Homer1b
behaves essentially the same as PSD-
95, with a delayed increase in persistently
enlarged spines. Could this difference be
explained by the differences between
the two isoforms? The proteins are highly
similar and differ only by a small stretch of
12 amino acids that are found in Homer
1c, but not in Homer 1b. This question
certainly remains to be answered, but it
is worth noticing that Meyer et al. (2014)
do not find an effect of Homer1C over-
expression per se on spine size, whereas
Homer1b has been reported to induce
spine growth when overexpressed in
cultured neurons (Sala et al., 2001).Together, the two studies present an
important step forward in understanding
the cellular events leading to sLTP.
However, when interpreting the results,
it is also important to keep the technical
limitations in mind. Both studies use
overexpression of fluorophore-tagged
candidate proteins, which not only limits
analysis to a preselected set of markers,
but also has always the inherent risk
of nonphysiological side effects. Bosch
et al. (2014) begin to address this ques-
tion, by comparing the behavior of two
of their overexpressed marker proteins
with their endogenous versions. They
find somewhat comparable results, but a
major challenge for future studies will
certainly be the focus on more physiolog-
ical conditions and physiological levels
of each protein.
What is next? As is so often the case,
the new results not only answer questions
but also raise new ones. For example,
both studies focus on sLTP, but sLTD
has been described as well (Na¨gerl
et al., 2004; Zhou et al., 2004). Do these
two forms of structural synaptic plasticity
use similar mechanisms but in different
‘‘directions’’? Or are these opposing
processes mediated by independent
mechanisms? Furthermore, Meyer et al.
(2014) find that the presynaptic bouton is
‘‘matched’’ in size to the enlarged spine
after stimulation by focal two-photon
glutamate uncaging, suggesting the exis-
tence of a retrograde signaling mecha-
nism in sLTP. But what is the pathway
mediating this retrograde signaling? One
possibility is BDNF signaling—Bosch
et al. (2014) demonstrate the importance
of BDNF signaling for ‘‘persistent’’ sLTP,
and it was previously demonstrated that
stimulation of a single spine can trigger
BDNF release from the postsynaptic
neuron (Tanaka et al., 2008).
The biggest challenge, however, re-
mains to answer the fundamental ques-
tion: is structural synaptic plasticity corre-
lated with or causally linked to functional
synaptic plasticity? Bosch et al. (2014)
hypothesize that the main function of theNeuronearly spine enlargement is not ‘‘to permit
functional LTP but, instead, to act as a
synaptic tag for the later consolidation
of the potentiated state.’’ This is an inter-
esting hypothesis but does not rule out
the requirement of stable spine enlarge-
ment for functional LTP. Ultimately,
however, understanding the signaling
pathways leading to sLTP may permit
selective perturbation of this process as
needed to test if it can be decoupled
from functional LTP.
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